Mercuric Hg(II) species form complexes with natural dissolved organic matter (DOM) such as humic acid (HA), and this binding is known to affect the chemical and biological transformation and cycling of mercury in aquatic environments. Dissolved elemental mercury, Hg(0), is also widely observed in sediments and water. However, reactions between Hg(0) and DOM have rarely been studied in anoxic environments. Here, under anoxic dark conditions we show strong interactions between reduced HA and Hg(0) through thiolate ligand-induced oxidative complexation with an estimated binding capacity of ∼3.5 μmol Hg/g HA and a partitioning coefficient >10 6 mL/g. We further demonstrate that Hg(II) can be effectively reduced to Hg(0) in the presence of as little as 0.2 mg/L reduced HA, whereas production of Hg (0) is inhibited by complexation as HA concentration increases. This dual role played by DOM in the reduction and complexation of mercury is likely widespread in anoxic sediments and water and can be expected to significantly influence the mercury species transformations and biological uptake that leads to the formation of toxic methylmercury.
Mercuric Hg(II) species form complexes with natural dissolved organic matter (DOM) such as humic acid (HA), and this binding is known to affect the chemical and biological transformation and cycling of mercury in aquatic environments. Dissolved elemental mercury, Hg(0), is also widely observed in sediments and water. However, reactions between Hg(0) and DOM have rarely been studied in anoxic environments. Here, under anoxic dark conditions we show strong interactions between reduced HA and Hg(0) through thiolate ligand-induced oxidative complexation with an estimated binding capacity of ∼3.5 μmol Hg/g HA and a partitioning coefficient >10
6 mL/g. We further demonstrate that Hg(II) can be effectively reduced to Hg(0) in the presence of as little as 0.2 mg/L reduced HA, whereas production of Hg(0) is inhibited by complexation as HA concentration increases. This dual role played by DOM in the reduction and complexation of mercury is likely widespread in anoxic sediments and water and can be expected to significantly influence the mercury species transformations and biological uptake that leads to the formation of toxic methylmercury.
Hg-dissolved organic matter complex | environmental factors | methylation | redox M ercury (Hg) is well known to bioaccumulate and biomagnify as neurotoxic methylmercury (CH 3 Hg + ) in organisms, particularly fish (1-3). Biologically mediated production of CH 3 Hg + predominantly occurs under anaerobic conditions (4) (5) (6) (7) (8) . However, the environmental factors that determine Hg availability to methylating bacteria and its transformation under these conditions remain poorly understood (1, (9) (10) (11) (12) . In particular, the coupled reactions between Hg redox transformation and complexation with natural dissolved organic matter (DOM) remain unclear, yet this process may critically control the speciation, biological uptake, and methylation of aqueous Hg in aquatic environments (9) (10) (11) (13) (14) (15) (16) (17) . DOM occurs in all natural sediments and water, usually at concentrations much higher than Hg (1, 9) . It is known to form exceptionally strong complexes with the oxidized mercuric species, Hg(II), due to its coordination with reduced sulfur (−S) or thiol (−SH) functional groups in DOM at relatively high DOM:Hg(II) ratios (11, (18) (19) (20) (21) . Such complexation has been shown to limit Hg(II) availability for bacterial methylation (9, 22, 23) ; however, facilitated uptake and methylation are also reported, especially when Hg(II) is complexed with small molecular-weight thiol compounds such as cysteine (5, 24) .
Although a large body of literature is now available on the interactions of oxidized Hg(II) species with DOM, reactions between reduced gaseous Hg(0) and DOM have rarely been examined in natural sediments and water where dissolved Hg(0) is also observed (16, 17, (25) (26) (27) (28) (29) (30) (31) . Hg(0) has a solubility of ∼56 μg/L in water (32) . Its formation can be mediated biologically (25, 26, 33) , chemically (34, 35) , or photochemically in the aquatic environment (15) (16) (17) (27) (28) (29) (30) (31) . However, the role played by DOM in Hg(0) production remains a subject of debate. It has been observed that photoreduction of Hg(II) is inversely correlated to DOM levels in water (16, 29) . Other studies, however, have shown that the presence of DOM corresponds with significant increase in Hg(II) photoreduction and that reduction rates increase with DOM concentration (15, 17, 30) . Similarly, whereas in some studies DOM is shown to chemically reduce Hg(II) to Hg(0) (34, 35) , in others it appears to have an inhibitory effect on Hg(II) reduction (36, 37) . These apparently contradictory results suggest an incomplete mechanistic understanding of DOM and Hg interactions and the likely involvement of additional factors.
In this report, we show that under anoxic dark conditions, DOM can rapidly convert Hg(II) to Hg(0) at very low DOM concentrations (0.2 mg/L), but that Hg(0) production diminishes to undetectable levels as DOM concentration increases. The reduced DOM strongly interacts with Hg(0), likely through thiolate-ligandinduced oxidative complexation, with a measured binding affinity >10 6 mL/g, leading to an apparently low Hg(0) generation or Hg(II) reduction even under strongly reducing conditions. However, DOM shows little tendency to react with Hg(0) under conditions where DOM has been oxidized. Our results demonstrate that ambient redox conditions, the redox state of sulfur in DOM, and the DOM:Hg ratio are linked critical factors influencing the effects that DOM can have on Hg species transformation. 2 ] were allowed to react with a reference Elliot soil humic acid (HA) (obtained from the International Humic Substances Society) at varying concentrations in an anaerobic glove chamber. To mimic the natural reducing conditions under which both bacterial methylation and HA reduction can occur, the HA was first reduced using established biological reduction techniques (38) (39) (40) (41) detailed in Materials and Methods. Following equilibration (4 h) between HA and Hg(II), the free, purgeable Hg(0) in solution was quantified directly (without pretreatments) by cold-vapor atomic absorption spectrometry under a flow of ultra-high-purity nitrogen. Parallel experiments were performed using bacterial culture solutions (without HA) as controls because of concerns that media components and bacterial metabolites (e.g., secreted flavins) might contribute to Hg(II) reduction (42, 43) . We note that this contribution is insignificant (<1%) in the final diluted samples, even assuming a secreted concentration of 5 μM flavins/g cellular protein by Shewanella cells (43) . Fig. 1 shows that, at relatively low HA concentrations, Hg(II) is effectively reduced to Hg(0) by the reduced HA. Up to ∼70% of Hg(II) was converted to purgeable Hg(0) in the presence of as little as ∼0.2 mg/L reduced HA, a concentration well below that commonly observed in natural aquatic environments (9, 14, 17) , equivalent to a calculated molar ratio of Hg(II):DOC of ∼10 −3 . At this low HA concentration, we therefore find direct reduction of Hg(II) by reduced HA in the dark (34, 35) and Hg(0) production under reducing environments. With further increase in HA concentration beyond 0.2 mg/L, however, purgeable Hg(0) decreased and was practically undetectable at HA concentration >5 mg/L (Fig. 1 ). This decrease in purgeable Hg(0) with increasing HA concentration indicates that reduction of Hg(II) is hindered by HA as observed previously (36, 37) . Similar observations have been reported in photoreduction studies, where production of Hg(0) has been found to be inversely correlated to DOM levels in water (16, 29) . This inverse relationship suggests that Hg(II) reduction is likely outcompeted by DOM complexation. It has been reported that strong complexation between Hg(II) and reduced-S or thiol functional groups in DOM prevents reduction of Hg(II) by SnCl 2 (14, 44) , particularly in the presence of excess DOM. On the basis of a total S content of 0.44% of the Elliott HA (source: International Humic Substances Society, http://www.ihss.gatech.edu/elements. html), of which ∼1-15% may exist as reactive thiols (18, 21, 45) , we estimate that in the presence of 0.2 mg/L HA ∼0.3-4.1 nM of reactive thiols is available for complexation. However, on the basis of a reducing capacity of 0.34-0.53 mmol/g HA (40, 46) , HA contains sufficient reducing moieties such as semiquinones in HA (∼68-106 nM equivalents) to completely reduce Hg(II) (10 nM) in solution. Therefore, the prereduced HA has more reducing than binding equivalents for Hg(II). As HA was increased from 0 to 0.2 mg/L [∼50 μmol Hg(II)/g HA], there were only a limited number of available binding equivalents in HA. Hg(II) was present primarily as non-HA-bound species and thus was subject to reduction, leading to the generation of a large percentage of purgeable Hg(0) (∼70%) in solution ( Fig. 1) .
Results and Discussion
With increasing HA concentration, the binding equivalent also increased, and so more Hg(II) was complexed. In our specific case, when >0.2 mg/L HA was added, decreased production of Hg(0) occurred. Thus reduced HA plays a dual role in mercury redox reactions: At low HA concentrations it reduces Hg(II) whereas at high HA concentrations it competitively binds Hg(II). This process results in the optimal Hg(II):HA ratio for Hg(II) reduction observed under our experimental conditions ( Fig. 1 ) although this ratio can vary with the redox state, the chemical and structural properties of DOM of different origins. The competition between Hg(II) reduction and complexation by DOM therefore offers a plausible explanation for the decrease in purgeable Hg(0) with increasing HA (Fig. 1 ), but the question remains: Would reduced Hg(0) also interact with HA to become stabilized and nonpurgeable in the solution?
Interactions Between Hg(0) and Reduced Humic Acids. Thiol compounds and DOM are also reported to have a high affinity to sorb elemental Hg(0) (47) (48) (49) (50) . Therefore, direct interaction and stabilization of dissolved Hg(0) by HA cannot be ruled out in our experiment ( Fig. 1) . To elucidate the interactions between Hg(0) and HA, solutions containing 1.2 nM dissolved Hg(0) were first allowed to react with the reduced HA at varying concentrations in an anoxic glove chamber. The Hg(0) stock solution was prepared by equilibrating a small droplet of elemental Hg(0), sealed in silicon tubing, with deoxygenated water (51) . The initial Hg(0) concentration was analyzed and validated for every batch of the experiment. Following 4-h equilibration, the free, purgeable Hg (0) concentration in solution was quantified as described earlier.
Results show that purgeable Hg(0) decreased rapidly with increasing addition of HA ( Fig. 2A) . In the presence of > ∼2 mg/L HA, no purgeable Hg(0) could be detected, demonstrating strong interactions between Hg(0) and HA. Because only reduced HA was used, and anoxic conditions were maintained throughout the experiments, direct oxidation of Hg(0) (as opposed to ligandinduced oxidation discussed below) does not appear to account for the observed retention or stabilization of Hg(0) by HA. This evaluation is also supported by parallel experiments, in which the HA solution was added together with 100 nM of reducing agent, either stannous chloride (SnCl 2 ) or ascorbic acid, to ensure that strongly reducing conditions were maintained before introducing Hg(0) for reaction with HA. Results showed no change with or without the addition of SnCl 2 or ascorbic acid (Fig. 2A) ; purgeable Hg(0) could not be detected at >2 mg/L HA, indicating that Hg remained stabilized in solution.
To further elucidate the mechanisms involved in Hg(0) and HA interaction, experiments were conducted to determine whether (38) (39) (40) (41) . Cells were removed by filtering through a 0.2-μm filter. After appropriate dilutions, the filtered HA solution was used for reaction with Hg(II) as Hg(NO 3 ) 2 at 10 nM, and the purgeable Hg(0) was determined by direct purging and analysis after a 4-h period of equilibration. All data represent an average of duplicate measurements, with an estimated experimental error within ±14%. The bacterial culture blank was prepared identically to samples but without adding HA. oxidized HA reacts with Hg(0), leading to increased oxidation of Hg(0) to Hg(II) for subsequently increased complexation with HA.
Here "oxidized HA" refers to the same HA that was prepared under ambient conditions without the microbial reduction step (38) (39) (40) (41) . Whereas results show somewhat decreased purgeable Hg (0) (∼20%) by using the oxidized HA (Fig. 2) , ∼80% of the Hg(0) remained free and purgeable, even during an extended reaction period of up to 48 h (Fig. 2B ). Direct oxidation of Hg(0) by oxidized HA may thus account for the observed 20% Hg(0) loss in the experiment, but direct oxidation of Hg(0) by HA alone cannot explain the large percentage of decrease in Hg(0) in the presence of reduced HA. If direct oxidation of Hg(0) were the main removal mechanism, then, greater loss in Hg(0) would be expected when oxidized HA is used, which was not the case (Fig. 2) . In addition, we examined whether HA stabilizes Hg(0) through hydrophobic interactions, because natural humic substances are known to possess both hydrophobic and hydrophilic organic moieties. To do this, a solution of Hg(0) was allowed to react with two commonly used surfactants, polyoxyethylene nonylphenylether (Igepal CO-520) and cetyl trimethylammonium, with varying hydrophobic alkyl tail lengths and functional head groups (Fig. S1) . No interactions between these surfactants and Hg(0) were observed. Potential loss of Hg(0) from the reaction vessel during experiments is discounted because good recovery of the total Hg (>90%) was obtained following complete oxidation of the HA or Hg-HA complexes by bromine chloride (14, 44) .
These several lines of evidence suggest that specific interactions, including physicochemical sorption and ligand-induced oxidative complexation between reduced HA and Hg(0), are likely responsible for the decrease in purgeable Hg(0) with increasing HA in solution, as expressed in Reactions 1 and 2:
We therefore infer that the reaction may involve initial physical sorption (reaction 1), followed by S-H bond cleavage or charge transfer from Hg(0) to HA, leading to the formation of Hg(II)-HA complexes via Hg-thiolate bonds (reaction 2). Reactions and high affinities of thiols for Hg(0) are well documented (32, (47) (48) (49) (50) , although direct bond formation between Hg(0) and thiols (-SH) is unlikely due to both species being electron rich and Hg(0) having no unshared electrons. However, Hg is a class B soft metal with a strong tendency to coordinate or complex with soft bases such as thiols (21, 32) . We found that this complexation is occurring not under oxidizing conditions but under strongly reducing conditions, in which Hg(II) is formed by ligand-induced oxidative complexation due to the strong tendency of Hg to react with reduced sulfur or thiols. However, we cannot rule out potential reactions between oxidized thiolate species such as disulfide (-S-S-) that may exist in reduced DOM. In this case, Hg(0) becomes oxidized and subsequently complexed with the intermediate thiolate products, as expressed in reactions 3 and 4,
where R-S-S-R′ represents DOM with oxidized sulfur or disulfides. Both sets of reactions (reactions 1-2 and 3-4) can thus take place and lead to ligand-induced oxidative complexation under reducing conditions. However, it would be difficult to distinguish the two mechanisms due to the formation of the same products. The key point here is that the oxidation state of the sulfur in DOM, which can either be oxidized or reduced, affects the ability of the overall DOM macromolecule to participate in charge-transfer and complexation reactions. Reactions between Hg(0) and HA were further examined to determine their affinity and stability. At a fixed HA concentration of 5 mg/L, the amount of Hg retained by the HA increased linearly with increasing Hg(0) up to ∼20 nM at pH 7 (Fig. 3A) . Purgeable Hg(0) was essentially undetectable with the addition of 20 nM Hg(0), suggesting that all of the Hg was removed or stabilized by the HA. However, when excess Hg(0) was added, purgeable Hg(0) concentration increased linearly and was recovered almost completely, indicating that the HA had reached its capacity for binding and that Hg(0) could no longer react and be stabilized by the HA. The amount of Hg retained by HA shows a plateau when plotted against purgeable Hg(0) in solution (Fig. 3B) . The maximum amount of Hg retained by the HA was ∼3.5 μmol/g (or 0.7 mg/g) HA at pH 7. This binding capacity should be regarded as a conservative estimate because it accounts only for the high-affinity interaction (the initial slope) between Hg(0) and thiols on the HA. Fig. 3B also shows that this capacity decreased to ∼1.6 μmol/g at pH 3.5 (Fig. S2) , suggesting that lower pH decreases interaction between Hg(0) and HA. This observation is consistent with the view that the reaction involves deprotonation following bond cleavage of thiol (-SH) groups on HA (reaction 2), leading to the formation of HA-Hg complexes. Such complexes are so strong that even 10 mM Zn 2+ (added as a competitive ion) had only limited effect on the complexation (<15%) (Fig. S3) , consistent with the ability of Hg(II) to bind with thiols, with stability constants orders of magnitude greater than those of Zn 2+ (45) . Using the determined binding capacity at pH 7, we estimate a reactive thiol content of ∼7 μmol/g of the reduced HA, assuming the formation of 1:2 Hg:thiol complexes, or ∼3.5 μmol/g 6 mL/g. Estimate strong binding sites are ∼3.5 μmol/g HA at pH 7 and ∼1.6 μmol/g HA at pH 3.5, respectively, assuming the formation of 1:1 Hg:thiol complexes. Controls were performed under the same conditions in water (asterisks) and in the culture solution (▽) prepared identically to that of the reduced HA solution.
if 1:1 Hg:thiol complexes are formed. Previous studies established that the formation of Hg(II)-DOM complexes depends on the Hg(II):thiol ratio in the DOM (20, 21) . Analyses using extended X-ray absorption fine structure spectroscopy (EXAFS) suggest that Hg(II) forms 1:2 complexes at relatively low Hg:thiol ratios (0.1-0.15) (21) . Once these strong binding sites are saturated, weak binding groups such as amine and carboxyls become dominant (18, 20, 21) . This pattern of Hg complexation is well illustrated in Fig. 3B , in which the amount of Hg retained by HA shows a sharp initial increase followed by a plateau as Hg(0) concentrations increase at both pH 3.5 and 7. The partitioning coefficient, estimated from the initial slope, exceeds 10 6 mL/g. At higher Hg(0):HA ratios, however, the slope decreases by five orders of magnitude to ∼25 mL/g, indicating weaker interactions between Hg and the amine and/or carboxyls in the HA. We infer that, under these conditions, excess Hg(0) could no longer react with the HA and was thus purged from solution. This result is supported by the ease with which Hg(0) is purged from solutions containing weakly binding ligands such as acetate, citrate, and small amine-thiol ligands (14, 44) .
We therefore summarize below our reasoning concerning the ligand-induced oxidative complexation of Hg(0) on the basis of the following lines of evidence: (i) Hg(0) in solution decreases as reduced HA increases; (ii) addition of reducing agents (SnCl 2 and ascorbic acid) does not alter this trend, and loss of Hg(0) continues; (iii) Hg(0) is not lost due to volatilization, as indicated by the recovery of Hg after reaction with reduced HA; (iv) when oxidized HA is used, 80% of the Hg(0) remains in solution (Fig.  2) ; (v) reduced HA can reduce Hg(II), but complexation outcompetes reduction at increasing HA concentrations (Fig. 1) ; and (vi) reactions between Hg(0) and reduced HA are very strong, not hydrophobic, and show a complexation capacity similar to that of Hg(II)-DOM (Fig. 3 ). These observations indicate that both thiolate and disulfide functional groups in the reduced DOM facilitate the interaction with Hg(0) shown in reactions 1-4. This proposed reaction between reduced DOM and Hg(0) is also consistent with the observations that sorption of Hg(0) in soils and lake sediments increases with soil organic matter (28, 50) . Reduced DOM thus sequesters Hg(0), but as Hg(II), not as Hg(0) itself.
Environmental Implications. This study demonstrates that, in anoxic sediments and water, reduced DOM is not only capable of converting Hg(II) to Hg(0) but also capable of reacting with Hg (0) to form Hg-DOM complexes via ligand-induced oxidative complexation. These results shed light on the dual role of DOM in Hg reduction and complexation in anoxic environments where both bacterial methylation and DOM reduction occur (4, 5, 10, 38) . Hg concentrations higher than those generally encountered in natural environments were used in this study to determine the reaction mechanisms and to demonstrate saturation of the binding sites. However, higher Hg concentrations, up to 500 nM, can be observed in contaminated environments (14, 45, 52, 53) . At these sites, Hg(0) is present due to its prior industrial use and/or production. Microbial (25, 26, 33) and photochemical reduction (16, 17, (27) (28) (29) (30) (31) can also produce Hg(0) in natural sediments and water. Our study suggests that the fate of the Hg(0) is influenced by its interaction with DOM. Even in pristine environments, Hg (0) has been observed to be stabilized in sediments but released following biodegradation of DOM at the sediment-water interface (28) . These observations would be accounted for by DOM-induced oxidative complexation of Hg(0) found in this study. We thus conclude that DOM at relatively low levels [low DOM:Hg(II) ratios] facilitates the reduction of Hg(II) under anoxic conditions. The Hg(0) produced by this direct reduction can be released through the water column to the atmosphere, thereby decreasing Hg availability for microbial methylation. In contrast, relatively high levels of DOM increase retention of Hg through complexation particularly under reducing conditions. Subsequent changes in redox conditions and/or in microbial activity can result in changes of the redox state of DOM and thus Hg species transformation and its availability for methylation.
This study also highlights the importance of the largely overlooked interaction between Hg(0) and biologically reduced DOM that exists widely in anoxic sediments and water (38) (39) (40) (41) . Over the past few decades, considerable attention has been paid to complexation between Hg(II) and DOM (11, (18) (19) (20) (21) . However, most of these studies have isolated and experimented on DOM under oxic conditions, which are known to cause the oxidation of redoxsensitive groups such as thiols in DOM. It may not therefore be possible to generalize results obtained under these conditions to reactions in anoxic environments where both Hg(II) and Hg(0) species may coexist with reduced DOM. Future studies of these reactions and processes could provide mechanistic insights into the factors controlling Hg species transformation, geochemical cycling, and especially toxic methylmercury production.
Materials and Methods
Reduction of mercuric Hg(II) ions by HA was determined by reacting Hg(II) [10 nM as Hg(NO 3 ) 2 ] with Elliott soil HA at concentrations ranging from 0 to 40 mg/L. The Elliott soil HA was obtained from the International Humic Substances Society (IHSS). It was used either without modification or after biological reduction as follows. The reduced HA was prepared by dissolving HA at 2,000 mg/L in deoxygenated water, adjusting its pH (∼7), and then incubating with washed cells of Shewanella putrefaciens CN32 (∼10 9 cells/mL)
anaerobically, using established procedures with ethanol as an electron donor (38) (39) (40) (41) . Following reduction, the HA was filtered (0.2-μm filter) to remove cells, stored in the anaerobic chamber, and used to prepare fresh HA working solutions for each batch of the experiment. Control culture solutions, without the addition of HA, were prepared identically to examine the potential influence of bacterial metabolites and media components on the experiments. The HA samples were then prepared in a series of 20-mL amber vials, followed by the addition of Hg(II) from the working solution, which was made up in Milli-Q water directly from a 1,000-mg/L standard (Ricca Chemical Company, preserved in 3% HNO 3 ). The final volume of each sample was 5 mL, and all samples were wrapped with aluminum foil or kept dark during equilibration. After equilibrating for 4 h, the reduced and purgeable gaseous Hg(0) in solution was determined directly by purging the solution with ultra-high-purity nitrogen and analyzing the vapor-phase Hg(0) (Lumex 915+) (14, 44) . Samples with relatively low Hg(0) concentrations were analyzed by purging and trapping the vapor-phase Hg(0) onto a gold-coated sand trap, followed by thermal desorption under a flow of argon and detection by cold-vapor atomic fluorescence spectroscopy (CVAFS) (Brooks Rand Model III fluorescence spectrophotometer) (14) . A purging time of 15 min was found to be sufficient to purge gaseous Hg(0) out of solution, as indicated by a nondetectable Hg(0) signal and a steady baseline. For mass-balance analysis, the complexed or nonpurgeable Hg in solution was determined following oxidation of the HA or Hg-HA complexes by bromine chloride (BrCl) for a minimum of 24 h (14) . After oxidation, the total Hg in solution was reduced with SnCl 2 and determined as described above. Duplicate samples were prepared for Hg(II) interactions in the presence or absence of HA with an estimated experimental error within ±14% or better. Parallel experiments were also performed using the same HA that was not biologically reduced but prepared by directly dissolving the HA under ambient conditions (referred to as the oxidized HA) to compare their reduction potential under nonreducing conditions. Reactions between HA and dissolved Hg(0) were studied first by equilibrating the HA solutions (0-40 mg/L) in 20-mL amber vials with Hg(0) (1.2 nM) in an anoxic glove chamber. The Hg(0) stock solution was prepared following techniques reported by Whalin and Mason (51) . Briefly, a droplet of elemental Hg(0) (∼20 μL) was pipetted into a piece of small silicon tubing with one end capped with a Teflon plug. Following the transfer, the other end of the tubing was also plugged before the tube was immersed in water in a 40-mL glass vial. The gaseous Hg(0) was allowed to equilibrate with water for at least 48 h and kept in an anoxic glove chamber until use. The Hg (0) concentration in the stock was determined for every experimental batch and varied between ∼200 and 300 nM, depending on the equilibration time. The working solution was then prepared from this stock after appropriate dilutions. Similarly, all samples were prepared in duplicate, and the final volume was made up to 5 mL. Following equilibration, the free, purgeable Hg(0) concentration in solution was determined directly by purging and analysis, described earlier. Additional series of experiments were performed in the presence of 100 nM SnCl 2 or ascorbic acid in the HA solution to ensure strongly reducing conditions before the addition of Hg(0). For the determination of the reactions and partitioning of Hg(0) in HA, experiments were performed by equilibrating a fixed concentration (5 mg/L) of the HA solution with concentrations of Hg(0) ranging from 0 to 65 nM. Similarly, for mass-balance analysis, selected samples were analyzed for total Hg content following oxidation by BrCl (14) to determine the complexed or nonpurgeable Hg in solution.
